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Summary 

When rhesus monkeys were infected with a form of 
cloned SIVmac239 having a premature stop signal at 
the 93rd codon of nef, revertants with a coding codon 
at this position quickly and universally came to pre- 
dominate in the infected animals. This suggests that 
there are strong selective forces for open functional 
forms of nef in vivo. Although deletion of nef se- 
quences had no detectable effect on virus replication 
in cultured cells, deletion of nef sequences dramati- 
cally altered the properties of virus in infected rhesus 
monkeys. Our results indicate that nef is required for 
maintaining high virus loads during the course of per- 
sistent infection in vivo and for full pathologic poten- 
tial. Thus, nef should become a target for antiviral drug 
development. Furthermore, the properties of virus 
with a deletion in nef suggest a means for making live- 
attenuated strains of virus for experimental vaccine 
testing. 

Introduction 

Human immunodeficiency virus types 1 and 2 (HIV-1, 
HIV-2) and related lentiviruses of other species differ quite 
dramatically from other nonlehfiTetroviruses in the number 
of genes that they carry (for review see Cullen and Greene, 
1990). All replication-competent retrovirus genomes con- 
tain gag (group-specific core antigen), pot (polymerase), 
and env (envelope) genes. HIV-1 has at least six additional 
genes called vit, vpr, vpu, tat, rev, and net; HIV-2 and 
simian immunodeficiency virus from macaque (SIVmac) 
contain a similar set of accessory genes, vif, vpr, vpx, tat, 
rev, and nef. The vit, vpr, vpx, vpu, and nef genes have 
been termed "nonessential" since they can be deleted 
without completely abrogating the ability of virus to repli- 
cate (Fisher et al.. 1987; Strebel et al., 1987, 1988;Ogawa 
etal., l909;Cohenetal.. 1988, 1990; Guyader et al., 1989; 
Luciw et al., 1987; Terwilliger et al.. 1986). The conserva- 
tion of these nonessential genes in distinct lentiviruses of 
different primate species argues for an important rote in 
the virus life cycle. 

The simitoriiies b.Mween SIV and HIV in genomic organi- 
zation. genetic sequence, ami n : olcgic properties suggest 
■ r»;u SIV systems provide valid modols lor the study of 



acquired immunodeficiency syndrome (AIDS) pathogene- 
sis (for reviews see Desrosiers, 1990; Desrosiers and Ring- 
ler. 1989). SIV closely parallels HIV in the use of the CD4 
molecule as receptor (Daniel et al., 1985; Kannagi et al., 
1985), in the regulation of viral expression (Malim et al., 
1989; Sakai et al., 1990; Viglianti et al., 1990), and in the 
ability to cause AIDS (Daniel et al.. 1985; Letvin et al., 
1985; Baskin et al., 1988). Features of the AIDS-like dis- 
ease caused by SIVmac in rhesus monkeys include CD 4 
depletion, opportunistic infections, lymphoid depletion, 
emaciation, and encephalitis, all characteristic of HIV-1- 
induced disease in humans. Moiecularly cloned SIV- 
mac239 causes AIDS and death in approximately 40% of 
rhesus monkeys within 6 months of inoculation (Kestler et 
al., 1990); the remaining 60% develop a more protracted 
disease course. The complete genetic sequence of the 
SIVmac239 infectious clone has been determined (Regier 
and Desrosiers, 1990). We used this cloned virus to study 
the importance of the nef gene for virus replication and for 
the development of AIDS. 

While it is clear that the HIV-1 nef gene can be deleted 
without abrogating the ability of virus to replicate (Luciw et 
al., 1987;Terwilligeretal., 1986; Fisheretal., 1986; Ratner 
et al., 1985), conflicting reports have appeared regarding 
a possible negative influence of this gene product on the 
rate or extent of virus replication (Terwilliger et al., 1986; 
Luciw etal., 1987; Niederman et al., 1989; Kim et al., 1989; 
Hammes et al.. 1 989). In fact, the term "nef" is an acronym 
for "negative factor." Early reports (Terwilliger et al., 1986; 
Luciw et al. t 1987) showed a small negative influence of 
the nef gene on virus replication. Subsequent studies re- 
ported even more dramatic down-regulatory effects of net 
(Ahmad and Venkatesan, 1988; Niederman et al., 1989; 
Cheng-Mayer et al., 1 989). However, Kim et al. ( 1 989) and 
Hammes et al. (1989) found no effect of nef on HIV-1 repli- 
cation nor on HIV-1 long terminal repeal (LTR)-driven CAT 
expression. 

In the studies reported here, SIVmac239 replication in 
vitro did not differ detectably whetr*ar nef was present or 
deleted. However, dramatic differences were observed in 
the properties of cloned SIVmac239 variants differing only 
in their nef genes during the course of infection of rhesus 
monkeys. Our data indicate that nef is required for main- 
taining high virus loads during the course of persistent 
infection in vivo and that nef is required for full pathogenic 
potential. 

Results 

Cloned Virus Construction 

The infectious SlVmac239 clone as isolated has a prema- 
ture in-frame TAA stop signal at the 93rd codon of net 
(Regier and Desrosiers. 1990). The TAA (stop) was 
changed to GAA (Gtu) by oligonucleotide-directed site- 
specific mutagenesis with an M 13 template to create SIV- 
mac239/ne(-open. GAA (Giu) is the codon used at this 
position in other infectious moiecular clones of SIVmac 
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Figure 1 Schematic Representation of net Genes Present in Infec- 
tious Molecular Clones 

The net reading frame ol SlVmac239 begins at nucleotide 9077 and 
terminates a. 9868 (numbering ol Regier and Desrosiers 1990) The 
am.no-lerminal portion of the net reading frame overlaps the 3' end of 
(he envelope (en*) gene. The carbon-terminal portion of the net read- 
ing frame overlaps the 3' LTR. The net protein is encoded by the +1 
reading frame relative to env. The am, open reading frame terminates 
at pos.lion 9243 and the 3' LTR begins at nucleotide 9462 
<A) SlVrnac239/nef- s top contains a slop signal (TAA) at position 9353- 
9355, the 93rd codon o/ the gene. 

(B) SlVmac239/nef deletion was derived from SlVmac239/nef-stop by 
oligonucleotide-directed site-specific deletion mutagenesis Nucleo- 
tides 9251 to 9432 are deleted in SlVmac239/ne/-deletion ' 

(C) SIVmac239/nef-open was also constructed by oligonucleotide- 
directed site-specific mutagenesis. The Ihymidine at position 9353 was 
changed to a guanosine, changing TAA (stop) to GAA (Glu) 



*nTr 2 ; ' mmun °P reci P itati ^ of Vaccinia-Encoded net Protein and 
bub Gel Analysis 

"S-labeled cell lysates from vaccinia ne/-in/ected cells were reacted 
TZlT\ Se ^\ LanGS 2 " 9 imm ^°P^cipi.a.ions of vaccinia- 
ZTnt J " S ^<* lysates with the following sera: lane 2 
Mm206-86 premoculalion uninfected control sera; lane 3 Mm322-86 
sera taken 10 weeks after SIV (ne/-stop) infection; lane 4. Mm322-86 
sera taken 26 weeks after SJV (nef-s.op) infection; lane 5. Mm243-86 
sera taken 3 weeks after SIV (nef-s.op) infection; lane 6. mouse sera 
oilow.ng mfection with vaccinia-encoded net virus; lane 7 sera from 
Mm44-84. a captive rhesus monkey found infected with SIV lane 8 
Mm243-86 sera taken 76 weeks after SIV (nef-s.op) infection; lane 9* 
Mm243-86 sera taken 54 weeks after SIV (nef-slop) infection. Lanes 
I and 10 contain radioactive molecular weight markers having the 
ind.cated molecular weights in thousands. Molecular weight markers 
!' 6 rt C methylated proteins from Amersham: myosin molecular weight 
200 000; phosphorylase-b. 92.500; bovine serum albumin. 69 00 0 : 
ovalbumin, 46,000; carbonic anhydrase. 30.000; lysozyme 14 300 ' 



(Chakrabarli et al., 1987; H. Kestler and R. Desrosiers 
unpublished data). Oligonucleotide-directed site-specific 
mutagenesis was also used to create a 182 bp deletion in 
nef. This deletion was carefully constructed so as not to 
affect overlapping env sequences on the left or LTR se- 
quences on the right (Figure 1). nef sequences are in a 
shifted reading frame 3' to this deletion. These three forms 
of cloned virus (SIVmac239/nef-stop, SIVrnac239/nef- 
open, SIVmac239/nef-deletion) differing in their nef genes 
are otherwise completely isogenic. 

A vaccinia virus recombinant with nef-open sequences 
from SlVmac239 was used for expression studies. This 
vaccinia recombinant expressed a protein of a size ex- 
pected for SIVmac nef (34 kd) that could be specifically 
immunoprecipitated by SI V* rhesus monkey sera (Figure 
2). Additional experiments demonstrated that the SIV- 
mac239 ne/was myrislylated (V. Stallard, G. Mazzara. D. 
Panicali, and H. Kestler, unpublished data), as is HIV-1 nef 
(Guy et al.. 1987). The apparent muscular weight of the 
SIVrn jc239 nut product on SOS gels (34 kd) is somewhat 
larger than that reported previously for HIV-1 net (25-23 



kd) (Allan et al., 1985; Kaminchik el al., 1990, 199l;Zweig 
et al., 1990), consistent with the SIVmac239 77e/ reading 
frame being 53 amino acids longer than the HIV-1 nef 
reading frame. 

Replication in Cultured Cells 

The effect of nef mutations on replication of SIVmac239 
was assessed in the human cell line CEMx 1 74, in primary 
cultures of rhesus monkey peripheral blood lymphocytes 
(PBLs), and in primary rhesus monkey alveolar macro- 
phage cultures. 

ONA was transfected into CEMxl74 cells, and aliquots 
were taken at periodic intervals for quantification of virus, 
in Ihe cell-free supernatant (Figure 3A). No significant dif-* 
ferences in the replication of the three cloned viruses dif- 
fering only in their nef genes were observed. When virus 
stocks were used to infect CEMx^74 t we similarly ob- 
served no significant differences in the rate or extent of 
virus replication in CEMxl 74 cells (data not shown). These 
conclusions are based on four independent experiments 
designed to examine the effect of nef on virus replication 
in CEMx 1 74 cells. 
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The SIVmad42 infectious molecular clone contains an 
open nef gene (Chakrabarti et al., 1987). A frameshift was 
created at the 70th codon of the net gene in SIVmacl42 
by filling in the protruding ends produced by cleavage with 
Ncol. Introduction of this frameshift mutation into the nef 
gene of SIVmac142 did not detectabty alter the ability of 
virus to replicate in HUT-78 cells (data not shown). 

Cloned SIVmac239 DNAs were also transfected into pri- 
mary rhesus monkey PBLs that had been stimulated with 
phytohemagglutinin and were growing in the presence of 
interleukin-2. Following transfection of initial cultures, vi- 
rus production was quite low in repeated experiments, 
probably due to the transient nature of these primary lym- 
phocyte cultures (Figure 3B). However, strong virus repli- 
cation was observed when supernatants from the initial 
transfected cells were used to infect fresh rhesus monkey 
PBL cultures (Figure 3C). Significant differences in the 
replication of the three cloned viruses differing only in their 
ne/genes were not observed (Figure 3C). When controlled 
doses of virus were used to infect rhesus monkey PBL 
cultures at a low multiplicity of infection, we similarly ob- 
served no significant differences in the rate or extent of 
virus replication (Figure 3D). Four independent experi- 
ments failed to show any significant effect of nef on virus 
replication in rhesus monkey PBLs. 

Since the SIVmac239 cloned virus replicates poorly in 
primary rhesus monkey alveolar macrophage cultures re- 
gardless of the status of the nef gene, we were not able 
to examine directly the effects of nef on replication of SIV- 
mac239 in these macrophage cultures. However, K. Mori 
et al. (unpublished data) have recently isolated a cloned 
variant of SIVmac239 with eight amino acid changes in the 
envelope gene that replicates approximately three orders 
of magnitude better in alveolar macrophages than the pa- 
rental SIVmac239. We thus used this derivative of SIV- 
mac239, called SIVmac239/31 6Em, to examine the effect 
of nef on virus replication in primary rhesus monkey alveo- 
lar macrophages. A restriction fragment containing the 
envelope gene of StVmac239/3l6Em was exchanged with 

SIVmac23H-sa* in the three molecular clones that differ 

in their nef genes. SIVmac239/316Em virus stocks, with 
nef-open, nef-stop, and nef-deletion, were used to infect 
CEMxl 74 cells and primary rhesus monkey alveolar mac- 
rophage cultures. Virus containing 32 ng of p27 antigen 
was used for each infection. No significant differences in 
virus replication were observed (Figures 3E and 3F). 

Reversion of Nef-Stop in Rhesus Monkeys 
We proceeded to infect rhesus monkeys with the three 
SIVmac239 clones differing only in their nef genes. Five 
rhesus monkeys were inoculated with SIVmac239/nef- 
j stop, seven with SIVrnac239/nef-open. and six with SIV- 
: mac239/nef-de!etion. All animals became infected since 
we were able to recover SIV repeatedly from their periph- 
'* JL r i*iJ?! ooa * (Figure 4). 

The status of the nef gene in rhesus monkeys that had 
been infected with SIVmac239/nef-stop was examined. 
ON A spanning the ne/gene was amplified and cloned from 
cells infected with SIV recovered from two different rhesus 
rnt inki^vs iniectcd with SIVmno239/n.}(-siop. Clones wero 



obtained from one rhesus monkey (Macaca mulatta [Mm] 
316-85) at the time of death with AIDS (21 weeks) and 
from another rhesus monkey (Mm243-86) at 6, 69, and 93 
weeks after inoculation during the asymptomatic stage of 
persistent infection. In ejght of eigh t clones e xamined Jhe 
stop s i g n a \ a , t t h e_ 93 rd ,codop .had r e ye r t_ed to _ja_cod in g_ 
codon (Figure 5). Four different types of reversion of the 
TAA stop codon were observed in these two animals: CAA 
(Gin). GAA (Glu), AAA (Phe), and TAC (Tyr). More recently, 
we have analyzed clones of SIV recovered just 2 weeks 
after infection of another rhesus monkey, Mm326-87. 
Even at this very early time point during the course of 
infection, four of four clones that were analyzed had muta- 
tions at the 93rd codon that reopened the nef reading 
frame (Figure 5, clones 9-12). The mutations observed 
were TAT (Tyr), CAA (Gin), GAA (Glu), and a 9 bp deletion 
that removed the stop codon (Figure 5). Fourteen of 15 
DNA clones obtained by the polymerase chain reaction 
direcl(y_ from .brain and lymph node tissue of Mm3 16-85 
also, displayed reversion to a coding codon at the 93rd 
position.of.ne£(T. Kodama and R. Desrosiers, unpublished 
data). 

Virus Load in Rhesus Monkeys 

While all rhesus monkeys became infected with the differ- 
ent variants of S(Vmac239, virus recovery from animals 
that received SIVmac239/nef-deletion became increas- 
ingly difficult with time (Figure 4). We thus performed ex- 
periments to estimate virus burden in rhesus monkeys 
infected with the three forms of SIVmac239. By serially 
diluting (3-fotd) peripheral blood mononuclear cells (PBMCs) 
starling at 10 6 cells, the number of PBMCs needed to re- 
cover SIV by co-cultivation was quantitated (Ho et al., 
1989). When measured at various times from 14 to 76 
weeks after infection, t he virus bu rden in rhesus monk ey s 
that receive d S IVmac239/nef-deletion was consistently at 
ieast_ 1 00-fold tower than those in rhesus monkeys that^ 
received SIVmac239/nef-open and SIVmac239/nef-stop 
(Table 1 j. It is perhaps not surprising that the virus burdens 
were similar in rhesus monkeys that received SIVmac239/ 
nef-stop vs. SIVmac239/nef-open since the stop codon in 
nef reverts to a coding codon in vivo (see above). The 
range of virus loads in this assay varied from approxi- 
mately 1 in 1000 to 1 in 20,000 PBMCs in the StVmac239/ 
nef-open and SIVmac239/nef-stop groups (Table 1). This 
is a range very similar to what has been reported pre- 
viously for HIV-1 -infected people (Ho et al., 1989). Al- 
though SIV was not recovered from SIVmac239/nef- 
deletion-infected rhesus monkeys using 10 5 PBMCs, virus 
was occasionally recovered using greater than 1 0 a PBMCs 
even longer than 1 year after infection. 

Inguinal lymph node biopsies were taken from six of 
the experimentally infected rhesus monkeys at 1 2 months 
after infection and examined histologically for morphologic 
alterations and irnmunohistochemically for the presence 
of SIV gag antigen. Three of these animals received SIV- 
mac239/nef-stop (Mm 124-79. Mm54-83. Mm326-87) and 
one received SIVmiv:239/nef-open (M:-!206-86). All lour 
of these animals had lymph nodes in /arious stages of 
follicular hyperplasia (Figure 6A). a pattern associated v/ith 
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Figure 4. SIV Recovery from Inoculated 
Animals 

Btood samples from animals lhat received SIV- 
mac239/net-open, SIVmac239/nef-stop. and 
SIVmac239/nef-deletion v/ere used (or SIV re- 
covery. Plus signs, positive; minus signs, nega- 
tive; NO, not tested. 



gross lymphadenopathy and early SIV and HIV-1 disease 
(Chalifoux et al.. 1987; Armstrong and Home, 1984). The 
lymph nodes from these tour all contained SIV antigen 
within enlarged germinal centers in a dendritic staining 
pattern (Figure 6B) that previously has been shown to be 
associated with follicular dendritic cells (Ringler et al., 
1989). In contrast Jymph nodes from the two animals that 
received I SIVmac239/nel-deletion (Mml 18-87 and Mm71- 
88) did not contain hyperplastic follicles (Figure 6C) and 
SIV gag protein was not detected (Figure 6D). 

To gauge the extent of virus replication during the initial 
weeks following infection, p27 gag antigenemia was quan- 
tified in cell-free plasma of all animals with an antigen 
capture assay. At 2 weeks after infection, significant levels 
of p27 protein were detected in seven of seven animals 
that received SIVmac239/nef-open and in five of five ani- 
mals that received SIVmac239/nef-stop (Table 2). Levels 
of p27 protein ranged from 0.1 to 6.7 ng/ml. However, p27 
protein was below the level of detection (approximately 



0.05 ng/ml) in all six rhesus monkeYS^thajj;eceiyed.SI.V. 
mac239/nef-deletion at all times tested, weeks 2, 4, and.6 
after inoculation (Table 2). 

Antibody Response 

Antibody responses were also monitored in these experi- 
mentally infected animals. Two of the rhesus monkeys that 
received StVmac239/nef-open (Mm132-87 and Mm221- 
88) and two that received SIVmac239/nef-stop (Mm31 6-85 
and Mrn452-87) had only weak antibody responses, and 
these four died with AIDS within 7 months of infection (see 
below). The correlation of weak antibody response with 
rapid death with AIDS has been observed repeatedly in 
the past (Daniel etal., 1987; Kestler et al., 1990). The weak 
antibody responses of two of these animals are shown in 
Figure 7A. Among the strong antibody responders, there 
was no significant difference in the strength of the antibody 
response that could be correlated with the status of the net 
gene (Figures 7A and 7B). Thus, despite a much lower 
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Figure 5. Reversion of the Slop Codon in SIVmac239/nef-Stop In Vivo 
Clones spanning the net gene were obtained from animals Infected 
with SlVmac239/nef-stop. The sequence at the 93rd codon of the net 
gene is shown. ■ i- 



virus 'oad t £hesus ; monkeys infected with SIVmac239/nef- 

sponses of long-term survivors in the o'ther^?dups."Aritr 
body titers continued to increase or to persist at high ievels 
for at least 12 months even in the rhesus monkeys that 
received SIVmac239/nef-deletion (Figure 7B). These re- 
sults are consistent with persistent infection for at least 12 
months. 

Pathogenic Potential 

Two of the five rhesus monkeys that received nef-stop 
virus and three of the seven that received nef-open vims 
have died so far, 2V 2 to 7 months after infection (Table 
3). All five animals died with pathologic changes clearly 
consistent with SlV-induced AIDS. Pathologic findings in- 
eluded disseminated CMV infection, lymphoid depletion 
thymic atrophy, emaciation, enterocolitis, a characteristic 
granulomatous encephalitis, and giant cell pneumonia It 
is again not surprising that the nef-stop and nef-open forms 
of virus appear to have similar pathogenic potentials since 
nef-stop reverts to nef-open in vivo. Allsix rhesus monkeys 
_that received SI Vmac239/nef-deletion are aii veto date and 
Jl5*J2!D?!n healthy^^x have^en in/ected for over * 
JjL™m^^ Furthermore the CD<T 

lymphocylejsu^ ' " 

monkeys Jh^^ 

ma ''(I§bl.ULIn contrast, the rhesus monkeys In fedted 
with SIVmac239/nef-open and SIVmac239/nef-stop that 



Table i. Elfecis of net on Virus Load and CD4 Lymphocyte Conceniration 
Animal H 



Infecting SlVmac239 Weeks Postinfection 



292-88 
358-88 
358-88 
358-88 
135-88 
135-88 
155-88 
155-88 
206-86 
206-86 

128-89 
128-89 
255-88 
255-88 
397-88 
397-88 
353-88 
3S3-Q8 
1 t8-87 
11 8-87 
71-88 
71-88 

124-79 
124-79 
54-83 
54-83 
326-87 
326-87 



PBMCs Needed to 
Yield SIV" 



nef-open 
nef-open 
nef-open 
nef-open 
nef-open 
net-open 
nef-open 
nef-open 
nef-open 
nef-open 

nef-deletion 

nef-deletion 

nef-deletton 

nef-deletion 

nef-deletion 

nef-deletion 

nef-deletion 

nef-doletion 

nef-deletion 

nef-deletion 

nefdeletion 

nef-deletion 

nef-stop 
nef-stop 
nef-stop 
nef-stop 
nef-stop 
nef-stop 



% Lymphocytes CD4 Lymphocyte 

as CD4 Concentration 0 



14 
24 
40 
62 
40 
62 
40 
62 
44 
76 

14 

42 
14 
42 
40 
62 
40 
62 
44 
76 
44 
76 

44 
76 
44 
76 
44 
76 



8.230 
24.691 
8.230 
2.743 
24.691 
8.230 
8.230 
8,230 

914 

24,691 

> 1,000,000 

> 1.000.000 

> 1 .000,000 

> 1,000.000 

> 1.000.000 

> 1.000.000 

> 1.000.000 

> 1.000. 000 

> 1.000,000 

> 1.000.000 

> 1 .000.000 

> 1.000.000 

8,230 
24.691 
12.345 
12.345 

2.743 
12.345 



• tZlTrplZ^ 6 "™— S - Se ' ial 3 -'°W dilutions beginning a , l0 - were used. 
*Noi isstdd because of .-j lack of adequate sarnpte. 



20.8 
25.5 
21.6 
13.9 

52.4 
43.1 
42.9 
41.3 
35.5 
37.2 

11.1 
12.6 
35.0 



944 
1.354 
970 
531 

1.740 
1,232 
2.316 
3.209 
1.682 
2.648 

421 
1.638 
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pattarn is typical ol viral protein ^"^''^'^^^^^^ S1 Vmac2 3 9,na.-da.a.ion. Tha nodal cona* contains rol.ic.es 
Magnilications are 90 x (A and C). 360 x (6). and 290 x (0). 



are still alive show declining C04 • lymphocyte subset con- 
centrations (Table 1 ) and clinical signs of declining health. 
Examination of lymph node biopsies taken at 12 months 
also revealed clear histologic differences between animals 
thai received nef-deletion virus (normal) and those that 
received nef-open or nef-siop (follicular hyperplasia) (see 
above). 



Discussion 

Similar to the reports of Kim et at. (1989) and Hammes el 
al. (1989) for HIV-1, we observed no significant influence 
of the net gene on replication of SIVmac239 in cultured 
celts. Using standard procedures, virus replication was 
monitored in the human lymphoblastoid cell line CEiMxi74. 
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Table 2. Plasma Anligenemia 



Infecting Vin 

net-open 

nef-open 

ne/-open 

nef-open . 

ne/open 

net-open 

net-open 

nel-siop 
nef-slop 
ne/siop 
ne/-stop 
nef-siop 

nef-deletion 
ne/-deleiion 
ne/deletion 
nef-deleiion 
net deletion 
nef-deletion 

* In plasma. 
0 Noi tested 



Animal It 



132-87 
206-86 
135-88 
358-88 
155-88 
292-88 
221-88 

316-85 
326 87 
452-87 
54-83 
124-79 

1 18-87 
71-88 
353-88 
397-88 
128-89 
255-88 



ng/ml p27 Antigen* 



Week 0 



0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 



Week 2 



The limit at detection is approximately 0.05 ng/ml. Week 0 is a 
(sample not available). 



I.l 
0.1 
6.7 
0.5 
4.8 
0.7 
2.3 

5.5 
2.0 



0.1 



0.0 
0.0 
0.0 
0.0 
0.0 
0.0 



Week 4 



0.7 

0.0 

0.1 

0.0 

5.0 

0.1 

0.7 

1.0 

0.0 
0.5 
0.0 
0.0 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 



Week 6 



0.7 
0.0 
0.0 
0.0 
2.4 
NT" 
NT 

3.8 
0.0 
1.9 
0.0 
0.0 

0.0 
0.0 
0.0 

o.o 

0.0 
0.0 



prein/ection sample taken immediatelyT^oTe^ 



A 




Weeks Posi Inoculaiion 




Monihs Post Inoculation 



AnZ/' An " b ° dy ReSP ° nSeS Anima ' S ,n ' eC,ed Wi ' h M0,ecula ' C '°"« ol S, Vm ac 2 39 
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Table 3. Pathogenic Potential of Molecularly Cloned Virus 




Number 


Number of 


Cloned Virus 


Infected 


Deaths 


SlVmac239/nel-stop 


5 


2 


SIVmac239/nel-open 


7 


3 


SlVmac239/nel-deletion 


6 


0 



In the group that received SIVmac239/nef-slop. two (Mm3l6-85 and 
Mm452-87) died with AIOS 3'/i and 5 months after infection, manifest 
by lemiviral encephalitis and granulomatous pneumonia or dissemin- 
ated CMV infection. In the group that received SIVmac239/nef-open, 
all three animals (Mrnl32-87, 221-88. and 292-88) died with AIDS 2Vj. 
7. and 6 months after infection, respectively. The AIDS-related se- 
quelae lound in these three animals included granulomatous pneumo- 
nia, disseminated CMV infection, emaciation, and thymic and 
lymphoid atrophy. 



in primary rhesus monkey PBL cultures growing in inter- 
leukin-2, and in primary rhesus monkey alveolar macro- 
phage cultures. The dispensability of nef for virus replica- 
tion in these cell culture conditions is consistent with the 
frequent observation of defects in nef in infectious molecu- 
lar clones of HIV-1, HIV-2, and SIVmac. Three of the four 
infectious molecular clones of SIVmac and HIV-2 that we 
have studied (Chakrabarti et al., 1987; Kestler et al., 1988; 
Naidu et al., 1988) have obvious defects in nef. We inter- 
pret this to mean that there is little or no selective pressure 
to maintain open functional forms of nef under standard 
cell culture conditions. 

Conversely, there appears to be strong selective pres- 
sure to maintain open, functional forms of nef in infected 
rhesus monkeys. In animals infected with SIVmac239/ 
nef-stop, the stop signal in ne/quite quickly and universally 
reverted to a coding codon. Six different types of mutations 
were observed at the 93rd codon of nef in three animals 
infected with SIVmac239/nef-stop: GAA (Glu), TAC (Tyr), 
CAA (Gin), TAT (Tyr), AAA (Lys), and a 9 bp deletion. This 
specificity and diversity of mutations essentially rules out 
any sort of contamination or polymerase chain reaction 
artifact for these observations. The strong selective pres- 
sure to maintain open, functional forms of nef in infected 
animals indicates that neris performing some critical func- 
tion for the virus life cycle in vivo. Furthermore, these re- 
sults suggest that the open form of nef in SIVmac239 is a 
functional one and can be used to study the role of nef. 
This latter point is important since there appears to be no 
selective pressure to maintain functional forms of nef in 
cell culture and no in vitro phenotype has been consis- 
tently associated with the elimination of nef. 

Despite the absence of any clear effect of the 182 bp 
deletion within nef on virus replication in cultured cells, the 
properties of SIVmac239/nef-deletion in rhesus monkeys 
differed dramatically from counterpart nef-open and nef- 
stop viruses, which otherwise were completely isogenic. 
The major phenotypic effects associated with the deletion 
of nef sequences were maintenance of much lower virus 
loads and decreased pathogenic potential. 

Decreased virus loads in animals that received SIV- 
rnac239/ri*!f-fMeiion were obstir>ed by limiting dilution 
. — m..*.. t| P'»mi"V; from inf-ici^ri nnim.ils hv i;nmuno- 



histochemical staining of lymph node biopsies, and by 
measurement of plasma antigenemia during the initial 
weeks following infection. The "wild-type" virus loads of 1 
in 1000 to 1 in 20,000 PBMCs are in the same range as 
has been reported previously for HIV-1 -infected people 
(Ho et al., 1989). Virus loads in rhesus monkeys that re- 
ceived SIVmac239/nef-deletion were at least 100-fold 
lower. Nonetheless, rhesus monkeys that received SIV- 
mac239/nef-de!etion remained persistently infected for at 
least 12 months since we could occasionally recover SIV 
when more than 10 fi PBMCs were used for co-cultivation 
and infected animals maintained strong, stable antibody 
responses that persisted at high levets for at least 12 
months. The reversion of nef-stop by 2 weeks in vivo ex- 
plains why similar levels of plasma antigenemia were ob- 
served in nef-open and nef-stop groups during the initial 
weeks following infection. 

Decreased pathogenic potential of SlVmac239/nef- 
deletton was evident from the lack of deaths for over 1 year 
in the group of six infected animals, their continued good 
health, the normal appearance of lymph node biopsies, 
and the maintenance of normal CD4* lymphocyte concen- 
trations in all six animals. Among the 7 of 12 who are 
still alive following infection with SIVmac239/nef-open and 
SIVmac239/nef-stop, varying degrees of ill health are 
clearly evident. Clinical findings include decreasing CD4* 
lymphocyte subset concentrations, tymphadenopathy, 
anemia, diarrhea, and weight loss. None of these are evi- 
dent in the six rhesus monkeys infected with SIVmac239/ 
nef-deletion. More time and additional animals will be 
needed to demonstrate whetherne/is an absolute require- 
ment for the development of AIDS. 

Although we have clearly demonstrated the importance 
of nef and have identified remarkable phenotypic differ- 
ences associated with the deletion of nef 'in vivo, the func- 
tional role of nef remains unknown. One possibility is that 
the cell culture conditions used to measure virus replica- 
tion do not accurately reflect virus production in the host. 
By this scenario, nef would play an important role in the 
replication of virus in the major cell types producing virus 
in vivo or under conditions present in vivo that are not 
reflected in cell culture. Another possibility is that nef may 
play some regulatory role in vivo in allowing virus to persist 
at high levels in the face of a strong host immune response. 
Such a role in persistence could be achieved, for example, 
by down-regulation of HLA class I antigens to avoid recog- 
nition by virus-specific cytotoxic T lymphocytes. Markedly 
decreased plasma antigenemia in rhesus monkeys that 
received SlVmac239/nef-delelion at 2 weeks after infec- 
tion, before significant antibody levels can be detected in 
the peripheral blood, argues for the former possibility. Our 
current experiments are directed toward testing these 
hypotheses. 

Our findings are not without important practical applica- 
tions. Products of the so-called nonessential genes have 
by and large not been targeted for antiviral drug develop- 
ment because there has been no evidence that knocking 
them out would interrupt the disease process. Our results 
indicate that nef is a critical component of the virus' ability 
to induce AIDS. Thud, nef should become a target for ami- 
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viral drug development. In addition, our findings suggest 
a means /or making live-attenuated vaccine strains for 
experimental *esting. 

Experimental Procedures 
Plasmid Constructions 

The SlVmac239 molecular clone has been subcloned into two seg- 
ments. p239SpSp5' and p239SpE3\ which yield infectious virus follow- 
ing ligation al a common Sphl restriction site and transfection into 
susceptible cells (Kestler et al., 1990). All manipulations of the net 
gene were per formed with the 3' subclone p239SpE3'. A 2206 bp Sstl 
fragment of p239SpE3' containing most of the net gene from viral 
nucleotide 9230 to an Sstl" site in flanking cellular sequences was 
subcloned into M 1 3mp 1 8. This subclone, M 1 3-239SsiB. was used as a 
template for oligonucleotide-directed site-specific mutagenesis (Zoller 
and Smith, 1987). To create 239SpE37nef-open. an oligonucleotide 
having the sequence GTCATCATCTTCCTCATCTAT v/as synthe- 
sized. This oligonucleotide spans the stop signal at codon 93 of the 
net gene in p239SpE3\ It Is identical to the sequence of the anlisense 
strand of SlVmac239 except the A at position 9353 has been changed 
to a C. This oligonucleotide was used as a primer to synthesize the 
minus strand of M l3-239Ss(B and as a probe to screen for mutagen* 
ized clones. The Sstl fragment containing an open net gene was liber- 
ated from the M 13 vector and reinserted back into the molecular clone 
p239SpE3\ creating p239Sp£37nef-open. 

A similar strategy was used lo construct /l 82 bpoelelion in the net 
gene. An oligonucleotide containing ihe sequence of the antisense 
strand nucleotides 9215-9250 and 9433-9469 (i.e., this 73-mer is 
missing 1 82 bp from 9251 to 9432) was synthesized to use as a primer 
for second strand synthesis on the M13-239Sst8 template. The Sstl 
fragment containing the deletion was inserted back into p239SpE3' 
creating p239SpE37nef-delelion. Viral DNA in the mutated M13 sub- 
clones was completely sequenced to verify the presence of the desired 
mutations and to confirm that no other changes occurred in viral DNA 
sequences. 

The macrophage tropic clones SlVmac239/316Em/nef-open, SIV- 
mac239/3l6Em/nef-slop, and SIVmac239/31 6Em/nef-delelion were 
constructed by replacing the Sphl-Ssll Iragment 6450-9230 of the 
three right-half SlVmac239 molecular clones with the Sphl-Ssll frag- 
ment of SIVmac239/3l6Em. 

Cells and Viruses 

Human T cell lines HUT-78 and CEMx174 were maintained in HPMI 
1640 medium supplemented with 10% heat-inactivated fetal calf se- 
rum. Rhesus monkey PBMCs were purified by banding over a sodium 
diatrizoate Ficoll gradient (1077-1080 g/ml; Pharmacia). For rhesus 
monkey PBL cultures, PBMCs were treated with 1 ug/ml phytohemag- 
glutinin for 48 hr. washed free ol lectin, and maintained in RPMI 1640 
containing "20% fetal calf serum. 10% in terleu kin-2 (Electronucleo- 
nics), 100 U/ml penicillin, and-tOO ug/ml streptomycin. Virus recovery 
from animals was performed by purifying PBMCs as described above 
and co-cullivaling with SlVmac-sensitive lymphoid cell lines CEMxl 74 
or HUT-78. Cultures were maintained for 1 month and were assayed 
for ihe presence of reverse transcriptase (Naidu et al., 1988; Daniel et 
al.. 1 985) or were assayed for the presence ol p27 SIV core protein by 
aniigen capture (Coulter). A negative virus recovery indicates antigen 
capture or reverse transcriptase assay values not significantly over 
that of uninfected cells. The procedures for culture of primary rhesus 
monkey alveolar macrophages have been described (Rlngler et al., 
1989). Procedures for measurement of virus replication in cell lines,' 
rhesus monkey PBL cultures, and rhesus monkey primary alveolar* 
macrophage cultures have been described (Naidu et al.. 1988; Desro- 
siers et al., submitted). 

Radlolabellng ol Cells and Immunoprecfpltatlon of net 
A vaccinia recombinant expression vector containing net gene se- 
quences from 8965 to 9908 (Pstl lo Rsal) from p239SpE37nef-open 
was used to demonstrate net protein expression. Owl monkey kidney 
cells infected with this vaccinia recombinant were labeled with 500 uCi 
of |"S (methionine (1000 Ci/mmol; Amersham) for 20 hr in medium 
lacking mulhiunine. wsiuhoo twice with PBS, scraped from ti .jks. and 



centrifuged. Cells were frozen at -70°C and thawed in 1 ml of lysis 
buffer (0.5% NP-40. 0.15 M NaCI. 1 mM EDTA. 20 rnM Tris-HCI [pH 
7.51, 100 ng/ml PMSF; Desrosiers and Falk. 1981). Cells were incu- 
bated on ice lor 20 min with vigorous vortexing every 3 min. Tho cell 
extract was centrifuged at 20,000 x g for 30 min at 4°C. Approximately 
2 x 1 0 s cpm from the supernatant fraction was diluted to 1 00 til in lysis 
buffer, was preabsorbed to 100 M l ol 20% protein A-Sepharose CL4B. 
and incubated on ice for 1 hr with gentle shaking. The nonspecific 
protein A-bound material was removed by centrifugation lor 1 5 rnin at 
13,600 x g at 4°C. and 5 ul ol the indicated sera was added lo each 
supernatant and incubated at 30°C for 30 min. Fresh 20% proiein A- 
Sepharose CL4B (180 mO was added, and each sample was incubated 
for 20 min at room temperature. The protein A-Sepharose CL4B com- 
plex was pelleted, washed seven limes with lysis buffer, resuspended 
with 50 M l of SDS-PAGE sample buffer (2% SOS, 10% glycerol. 1 2 
M O-mercaptoelhanol. 60 mM Tris [pH 6.8). 0.001% bromphenol blue), 
and healed to 85°C for 10 min. Supernatant (15 ul) from ihe SDS* 
treated sample was loaded onio a 12% SDS-polyacrylamide gel 
(Laemmli. 1970). The gel was fixed for l hr in 5% methanol. 7.5% 
acetic acid, rinsed for 30 min in water, soaked for 1 hr in i M sodium 
salicylate, and dried. The dried gel was exposed to Kodak X-ray film 
for 3 days. Molecular weight markers are M C methylated proteins from 
Amersham: myosin molecular weight. 200.000; phosphorylase-b. 
92.500; bovine serum albumin, 69,000; ovalbumin. 46.000; carbonic 
anhydrase, 30.000; lysozyme. 14.300. 

DNA Transfection 

The 5* and 3' clones of SlVmac were cleaved with Sphl and healed to 
60°C for 10 min. Each right-half clone was ligated together with the 
left-half clone p239SpS P 5' using T4 DNA ligase. The ligated mixture 
.was concentrated by elhanol precipitation. Six micrograms of the li- 
gated DNA was used to trans/ect macaque lymphocytes or CEMxl 74 
cells treated with OEAE-dextran (Sompayrac and Danna. 1981; Mil- 
man and Herzberg, 1981; Naidu et al., 1988). 

Identification of Stop Codon Reversion 

SIV was recovered from rhesus monkeys by co-cultivalion of PBMCs 
wiih the SIV-sensitive line CEMxl 74 at the times indicated in Figure 
5. DNA was extracted from infected CEMxl 74 cells according lo the 
procedure of Hirt (1967). Oligonucleotide o239pcrnel7s having the 
sequence GTATACCGGATCCTCCAACCAATACTCCAG complemen- 
tary to the sense strand 8982-901 2 was synthesized along with o239p- 
crnefSas having the sequence CTTGATGTATAAATATCACTGCACT- 
TCGC complementary to the anlisense strand 9942-9970. Each oligo- 
nucleotide contained a single mismatched base: in o239pcrnef7s the 
A at base 8990 was changed to a G, creating a BamHI restriction 
endonuclease recognition site; o239pcrnef8as contains a C instead of 
an A at base 9965, yielding a Pstl recognition site. These primers 
were used to amplify the net gene from approximately 1 u g of Hirt 
supernatant DNA. The polymerase chain reaction was performed us- 
ing Amplitaq (Cetus) under the conditions described by the supplier. 
The reactions were subjected to 30 thermal cycles of the following 
composition: 1 min at 94°C followed by 2 min al 55°C and l min ai 
72°C. After each cycle, 5 s were added to the 72°C segment. The 
amplified material was purified using a Sepharose CL4B (Pharmacia) 
spun column and selMigaled to high molecular weight. Concatemers 
were cleaved with Pstl and BamHI. The cleaved DNA was cloned into 
the M13 bacteriophage vector Ml3mp18 at the BamHI and Pstl sites. 
Plaques were screened for the presence of net sequences, and the 
resulting no/positive M13 phage DNA was sequenced by the dideoxy 
chain termination method of Sanger et al. ( 1 977) using Sequenase (US 
Biochemical Corp.) as a polymerase. 

Infection of Rhesus Monkeys and Antibody Response 
The 18 rhesus monkeys used in this study were all infected by intra- 
muscular inoculation of virus produced in rhesus monkey PBL cultures 
from ligated plasmid subclones. Mm243-86, used for the data pre- 
sented in Figure 5, was infected by virus produced in HUT-78 cells 
following transfeclion with the parental SIVmac239 X phage (Burns 
and Desrosiers, 1991). All experimental animals were kepi in accor- 
dance with the guidelines ol the Committee on Animals of the Harvard 
Mudicnl School and those prepared by the Committee on thu Care and 
Use of Laboratory Animals. National Research Council. Heparinizod 
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blood samples were obtained at periodic intervals following infection. 
Plasma was separated Irom cells by cenlrifugation and stored frozen 
at -70°C. Thawed plasma was used at a straight 1 :20 dilution (Figure 
7A) or 1:100 dilution (Figure 78) for reactivity to purified SlVmac by 
ELISA (Daniel et al.. 1988). CD4 lymphocyte concentrations were de- 
termined commercially at TSI Mason Research Laboratories (Worces- 
ter. MA) by Dr. Michael Wyand. tmmunohistochemicat localization of 
SIV gag protein was performed as previously described (Ringler et al., 
1989). 

Virus Load Determinations 

PBMCs were obtained from heparinized blood samples by banding 
over a sodium diatrizoate Ficoll gradient as described above. The 
concentration of PBMCs was measured with a hemocytometer, and 
serial 3-lold dilutions starting with 1.0 x 10* cells were performed 
in duplicate. The diluted PBMCs were co-cultivated with 1 x 10* 
CEMxl74 cells in a volume ol 1 ml. On day 3. 1 ml of RPMI 1640 
containing 1 0% fetal calf serum was added to each dilution, and there- 
after cultures were split 1:2 two limes per week until day 21 when tt»e 
cultures were assayed for virus production by reverse transcriptase 
(Naidu et al.. t988) or SIV antigen capture (Coulter). 
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